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Performance and feeding behaviour traits in growing pigs could be affected by social interaction effects when animals are raised
in group. So, properly knowing the genetic correlations between direct and social interaction effects among performance and
feeding behaviour traits could improve the accuracy of the genetic evaluations. Our aim was to explore the role of feeding
behaviour traits (FBT) and indirect genetic effects (IGEs) in the genetic evaluations of growing pigs. Thus, genetic parameters
were estimated for production traits (PT): average daily gain, average daily feed consumption, feed conversion ratio and
backfat thickness; as well as for FBT: average daily feeding rate, average daily feeding frequency, average daily occupation time
and average daily time between consecutive visits. Traits were recorded in 1144 Duroc pigs during the fattening period. Two
bivariate models were fitted: classic animal model and an animal model fitting IGE. Estimations were done following Bayesian
procedures. Heritability estimates obtained with classic animal model for all studied traits were medium-high. The additional
heritable variation captured by IGE supposed that the ratios of total genetic variance to phenotypic variance ( T2) were higher
than the heritability estimates obtained with the classic model, except for occupation time trait, when a lower value (0.20 ± 0.19)
was estimated. This is due to a high and negative correlation between IGE and direct genetic effects (DGEs) of this particular
trait (−0.78 ± 0.27). Results from classic animal model do not evidence a clear role of FBT to improve the accuracy of breeding
value predictions for PT; only average daily feeding rate seems to show a positive correlation (around 0.50 to 0.60) with average
daily gain, average daily feed consumption and backfat thickness. However, when IGE model was fitted, the number of estimates
of genetic correlations between FBT and PT showing a relevant magnitude increased, generally for the correlations between IGE
of FBT and DGE of PT; or particularly for the correlations between IGE of average daily feeding frequency, and the IGE of all the
PT, except average daily gain. Thus, in evaluations using the animal model with IGE fitted, the inclusion of FBT could aid the
improvement of the accuracy of breeding value predictions for PT. This is a consequence of the improved genetic relationships
between traits that can be fitted when considering such models.
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Implications
The accuracy of breeding value prediction for production
traits could be improved if correlated traits are jointly consid-
ered in evaluations, and such traits could be feeding behav-
iour traits. Feeding behaviour traits as well as production
traits are recorded in group housed animals; thus animal
models fitting indirect genetic effects could be a tool to
account for this fact. Our results show that these models
are preferable over the traditional animal model for both pro-
duction traits and feeding behaviour traits, and particularly
when the evaluation is done using animal models fitting indi-
rect genetic effects. The breeding value prediction accuracy
for production traits could be increased in such a joint
evaluation with feeding behaviour traits, since certain corre-
lations between genetic effects across traits show relevant
magnitudes. In addition, these animal models fitting indirect
genetic effects offer an improved correlation structure and
alternative selection indexes.
Introduction
The relationship between production and behaviour traits is
particularly relevant when the animals are reared sharing a
common space, as it commonly occurs in swine (Chen et al.,
2007; Ellen et al., 2014). Under this housing system, although† E-mail: william.herrera@irta.es
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it could be difficult or costly, obtaining measures of individ-
ualised consumption is possible at certain levels of a breeding
schema, that is, selection nucleus. This can be done thanks to
the availability in the market of feeding devices allowing
individual feed intake recording (Eissen et al., 1998).
These devices also allow for the recording of individual feed-
ing behaviour traits (FBT; Young, 2012), which might play
an important role in any selection programme to improve
growth or feed efficiency in pigs as far as they show relevant
heritability and moderate genetic correlation with traits of
direct economic importance (Labroue et al., 1997; Young
et al., 2011). However, these FBT, as they would be recorded
in group-housed animals, could be subject to the same
issues of interactions between group mates as happen with
performance traits (Griffing, 1967; Bijma and Wade, 2008).
In this context, animal models fitting indirect genetic effects
(AM-IGEs) could be relevant in the exploration of both direct
and indirect correlations between PT and FBT. These models
assume that the phenotype of an individual is influenced by
both genetic effects in the individual itself (direct genetic effect
(DGE)) and genetic effects in its pen mates; these are known
as indirect genetic effects (IGEs; Bijma and Wade, 2008). The
objective of this work was to estimate genetic parameters of
PT and FBT during the fattening period in a Duroc line
considering either traditional animal models or AM-IGE, with
the aim of assessing the role that these FBT might play in a
breeding programme for feed efficiency.
Material and methods
Animal and management
Performances during growing-fattening period (10 to 26 weeks
of age) on 1144 Duroc pigs were recorded in 10 batches from
2007 to 2017 at the Center of Porcine Evaluation (Monells,
Girona, Spain) using IVOG feeding stations (Insentec,
Markenesse, the Netherlands) with a single-space feeder for
each pen. Animals represented 430 litters sired by 85 boars
and from 399 different sows. The completely known pedigree
comprises 5077 individuals from 671 sires and 3264 dams. This
Duroc line was founded in 1991 (Tibau et al., 1999) and
selected as multi-purpose line until the mid-2000s, when the
selection index applied changed with the aim of specialising
the population as amaternal line, since thenmost of theweight
in the index has been assigned to prolificacy and backfat thick-
ness (BF). For our study, the animals with phenotypic informa-
tion were housed in 97 different pens having on average (SD)
12.0 (1.5) animals per pen, the size of the pens ranged from 7 to
15 animals. The age at the start of the control was 70 (6) days
old and the age at the end of the control was 177 (9) days old.
In all the batches animals were fed ad libitum on a standard
diet satisfying their requirements. As our data cover a long
period of time (10 years), certain variation in the diet compo-
sition exists across batches. Nevertheless, the average nutrient
composition across batches and fattening phases (growing
(20 to 60 kg) and finishing (60 to 100/110 kg))was the following:
15.0% CP, 4.7% fibre, 4.5% fat, 0.9% lysine and 0.3%
methionine, having 3200 kcal of metabolic energy per kilogram
of feed. Variability in the diet across batches will be statistically
accounted for by fitting a batch effect in themodels. A number of
FBT as well as daily feed intake and other production traits (PT)
were recorded.
Production trait description
Individual live BW (kg) and BF (mm) were recorded during the
fattening period; the number of measures performed for both
traits on each animal ranged from 4 to 11. Backfat thickness
was measured at 5 cm of the midline between the third
and fourth last ribs using ultrasounds (PIGLOG 105, SFK-
Technology, Herlev, Denmark). A linear regression model
within each animal dataset was fitted individually to adjust
BF to 180 days of age (BFij ¼ i þ i  ageij þ eij). We used
this age in spite of the fact that the average age at the end of
the fattening period is a few days less (177) because 180 days
is the reference age used for the selection of the line, the
difference with most of the individual ages at the end of
the fattening period is small (no more than 15 days) and
around these ages a fairly linear pattern was observed.
Average daily gain (ADG, kg/day) was also individually
computed using a within-animal linear regression model of
live BW on age, that is, BWij ¼ i þ ADGi  ageij þ eij.
Average daily feed consumption (ADC, kg/day) was com-
puted following Sánchez et al. (2017); missing daily feed
intake records were predicted using animal-nested random
polynomial regressions, and the ADC for a particular animal
was defined as the mean of all the available individual
daily feed intake records. Feed conversion ratio (FCR) was
computed as ADC divided by ADG.
Feeding behaviour trait description
The electronic feeders directly report only the duration of
each visit to the feeder, from this information, and from
the daily occupation pattern, four FBT referring to the com-
pletely fattening period were derived. In an initial edition
step, hourly blocks were defined, and for each hour and
individual, mean feeding rate (g/min), total feed intake (g),
number of visits to the trough (number of visits) and total
time occupying the trough (s) were calculated. From these
hourly basis measurements, daily aggregates for feeding
rate, number of visits and time occupying the trough were
obtained; for the case of feeding rate the aggregation was
only done averaging hours in which feed intake information
was recorded; and for the case of number of visits and occu-
pation time the aggregation was calculated by summing. In
addition, average daily time between consecutive visits to the
feeder was computed from hourly records; this was done first
by computing the hourly intervals between day hours having
visits to the feeder and then averaging within animal and day
information. Finally, fattening period measurements were
obtained as within-animal average across daily aggregates.
The resulting traits to be analysed were average daily feeding
rate (FR, g/min), average daily feeding frequency (FF, visits),
average daily occupation time (OT, min) and average daily
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time between consecutive visits (FInt, h). Table 1 presents
basic statistics of all the aforementioned traits.
Statistical models
Two bivariate animal models either considering or not IGEs
were implemented. For all studied traits, the same systematic
effects were fitted: batch (10 levels), age at the end of the
control period (covariate) and number of pigs in the pen
(covariate). In addition, pen and litter effects were also
included, as well as the additive genetic effect. All the pre-
vious effects were fitted in the classic animal model (AM),
whereas in the AM-IGE, the genetic component was divided
into DGEs and IGEs (Bijma and Wade, 2008; Duijvesteijn
et al., 2012). This last case is the most complex model studied
and is represented by the following equation:
y1
y2
 
¼ X1 0
0 X2
 
b1
b2
 
þ Zp1 00 Zp2
 
p1
p2
 
þ Zl1 0
0 Zl2
 
l1
l2
 
þ Zd1 0
0 Zd2
 
d1
d2
 
þ Zs1 0
0 Zs2
 
s1
s2
 
þ e1
e2
 
where y1 and y2 are the vector of observations for the first
and second traits, b is a vector of systematic effects with
incidence matrix X; p is a vector of pen effects with incidence
matrix Zp; l is a vector of litter effects with incidence matrix
Zl; d is a vector of DGEs with incidence matrix Zd; s is a vector
of IGEs with incidence matrix Zs. The elements of Zs are 1 for
the records from animals sharing the same pen and 0 other-
wise; e is a vector of residuals.
Under AM-IGEmodel, each individual interactswith n–1 of its
group members where n is the group size. Under this model,
the total breeding value of an individual i is equal to TBVi ¼ di þ
ðn 1Þsi The total breeding value variation among
individuals is 2TBV ¼ 2d þ 2ðn 1Þd;sþ ðn 1Þ22s .
The ratio between the total breeding value variation and the
total phenotypic variance (T2) might exceed one; because
the total phenotypic variation is 2Phe ¼ 2d þ n 1ð Þ2sþ r 
n 1ð Þ  2d;s þ n 2ð Þ2s
 þ 2p þ2l þ 2e , where 2d is
the DGE variance, 2s is the IGE variance, d;s is the covariance
between DGEs and IGEs, 2p is the pen effect variance, 2l is the
litter effect variance, 2e is the error variance and r is the mean
kinship coefficient between pen members; in our case this
coefficient was equal to 0.13. Bijma et al. (2007) already
presented all these parameter definitions.
Bayesian procedures were used to estimate model parame-
ters, the prior pdistribution of pen, litter effect and the residuals
were: pjP0  N 0;P0  IÞð ; ljL0  N 0; L0  Ið Þ and
ejR0  N 0;R0  Ið Þ, respectively, where I represents identity
matrices of appropriate dimensions, and P0, L0 and R0 are
covariance matrices of dimension 2, containing pen, litter
and residual (co)variances of the two traits studied at the time
and denotes the kronecker product. All factors were assumed to
be independent, except DGEs and IGEs. For them the assumed
prior distribution was:
d
s
 
jG0 MVN 0;G0  Að Þ,
where A is the numerator relationship matrix between
individuals, G0 is the covariance matrix, containing the
following elements:
G0 ¼
2d1 d1;d2
d1;d2 
2
d2
d1;s1 d1;s2
d2;s1 d2;s2
d1;s1 d2;s1
d1;s2 d2;s2
2s1 s1;s2
s1;s2 
2
s2
2
664
3
775;
where 2d1 is the direct genetic variance of the first trait, 
2
s1
is the indirect genetic variance for the second trait, d1;s1
and d2;s2 are the covariance between DGE and IGE, for the
first and the second traits, respectively, d1;s2 is the covari-
ance between DGE of the first trait and IGE of the second
trait, d1;d2 is the covariance between DGE of the two traits
and finally s1;s2 is the covariance between IGE of the two
traits. In the Bayesian analysis performed, flat priors were
assumed for systematic effects (b) and for all the variance
components previously described: G0, P0, L0 and R0.
The marginal posterior distributions of all unknown
parameters were obtained using the Gibbs Sampling algo-
rithm, with the programme gibbs2f90 (Misztal et al.,
2002). Chains of 1 000 000 samples were run, and the
Table 1 Descriptive statistics for performance and feeding behaviour traits of growing Duroc pigs
Category Trait No. of observations Minimum Mean Maximum SD
Behaviour FR, g/min 1144 15.28 38.60 65.14 7.41
OT, min 1144 33.02 60.72 103.49 10.27
FF, visits 1144 3.54 10.11 24.88 2.98
FInt, h 1144 1.64 3.93 9.89 1.03
Performance ADG, kg 1144 0.22 0.82 1.07 0.09
ADC, kg 1144 0.86 2.31 3.67 0.37
FCR 1144 2.07 2.77 3.89 0.24
BF, mm 1144 6.44 18.19 32.74 4.40
FR= average daily feeding rate; OT= average daily occupation time; FF= average daily feeding frequency; FInt= average daily
time between consecutive visits; ADG= average daily gain; ADC= average daily consumption; FCR= feed conversion ratio;
BF= backfat thickness.
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first 100 000 iterations were discarded in order to allow
the algorithm to reach convergence to the marginal posterior
distributions. Then, one sample every 10 iterations was
saved; thus the autocorrelation of the chain was reduced.
Convergence of the Markov chains was assessed by visual
inspection of the trace plots. Finally, deviance information
criterion (DIC, Spiegelhalter et al., 2002) was used in order
to compare the models based on their fitting quality, but
penalising by model complexity.
Results
Heritabilities, ratios of litter and pen variances
to phenotypic variance and magnitude of indirect
genetic effects
The first remarkable result is that for all considered traits, IGE
plays an important role. This is evidenced by the fact that DIC
values are always substantially lower (<18) in the AM-IGE
than in the AM (Table 2). In addition to this, the magnitude
of T2 was higher than the heritability from the AM for all the
studied traits, except for the occupation time in the feeder
(posterior mean ± posterior SD) (0.20 ± 0.19). The low value
of T2 for the occupation time is related to the fact that a high
and negative genetic correlation was estimated between
IGE and DGE for this particular trait (−0.78 ± 0.27) with
a probability greater than 95% of being lower than zero.
This correlation means that individuals with a positive
DGE, for animals staying longer in the feeder, tend to have
negative IGE, forcing their pen mates to stay for less time.
Litter effect variance represented 7 % to 14% phenotypic
variance for PT and 2 % to 6 % phenotypic variance for
FBT. The ratio of pen variances to phenotypic variances
ranged from 4% to 13% for PT and from 6% to 13 %
for FBT.
Estimated phenotypic and genetic correlations using classic
animal model
Although the relevance of IGE is clear, this section presents
the genetic and phenotypic correlations between traits
obtained with the traditional AM (Table 3). These correla-
tions are presented to describe a putative social structure
in the pen, and also to establish a basis for later discussion
on the genetic correlations between traits based on the
AM-IGE. With regard to the phenotypic correlations nearly
all of them can be said to be statistically different from zero.
The feeding rate and the occupation time are positively cor-
related at phenotypic level with all PT, ranging from 0.11 to
0.42. These correlations between the feeding frequency and
all the PT are much lower and negative, as high as −0.11.
Within FBT, the feeding rate was positively correlated with
the time between visits (0.10) and negatively correlated with
occupation time (−0.65) and feeding frequency (−0.11). The
phenotypic correlation between occupation time and feeding
frequency was estimated to be positive (0.20), while negative
with the time between visits (−0.28). Finally the estimated
phenotypic correlation between feeding frequency and time
between visits was −0.60. Regarding the genetic correla-
tions, ADC was positively correlated with the other PT:
FCR (0.66 ± 0.22), BF (0.64 ± 0.16) and ADG (0.80 ± 0.13).
The genetic correlation between BF and ADG was positive
(0.51 ± 0.25). Finally, the genetic correlations between FCR
and both ADG and BF had large estimation errors; thus, it
was not possible to clearly define whether their values are
positive or negative, but it seems to be of lower magnitude
than the rest of the genetic correlations. Only two genetic
correlations out of the six estimated between FBT showed
a magnitude statistically different from zero (above diagonal
in Table 3). This was the case between feeding rate and occu-
pation time (−0.76 ± 0.16), and between feeding frequency
and the time between visits (−0.78 ± 0.09). The other
Table 2 Marginal posterior means (SD) of ratio of variances and DIC of growing Duroc pigs using univariate animal models with and without indirect
genetic effects
AM AM-IGE
Trait h2 DIC 2Phe T
2 
2
d

2
Phe 
2
p=
2
Phe 
2
l =
2
Phe r (S,D) DIC
FR 0.30 (0.08) 7304.83 48.73 (3.38) 0.39 (0.29) 0.32 (0.08) 0.13 (0.04) 0.04 (0.03) −0.19 (0.70) 7282.56
OT 0.23 (0.10) 8097.19 84.98 (4.82) 0.20 (0.19) 0.27 (0.10) 0.08 (0.03) 0.06 (0.04) −0.78 (0.27)* 8055.65
FF 0.48 (0.09) 4871.82 8.72 (0.83) 0.93 (0.49) 0.46 (0.09) 0.12 (0.06) 0.03 (0.03) −0.21 (0.41) 4803.53
FInt 0.47 (0.08) 2835.14 1.09 (0.07) 0.67 (0.30) 0.47 (0.09) 0.06 (0.03) 0.02 (0.02) −0.21 (0.47) 2792.88
ADG 0.19 (0.08) 2562.15 0.68 (0.04) 0.22 (0.18) 0.22 (0.09) 0.04 (0.02) 0.14 (0.04) −0.58 (0.42) 2541.09
ADC 0.22 (0.08) 5246.81 7.62 (0.52) 0.29 (0.29) 0.25 (0.08) 0.11 (0.04) 0.08 (0.04) −0.57 (0.47) 5219.54
FCR 0.21 (0.09) 4418.22 4.00 (0.35) 0.55 (0.43) 0.24 (0.09) 0.13 (0.05) 0.07 (0.04) −0.10 (0.70) 4400.04
BF 0.32 (0.10) 5579.10 10.75 (0.72) 0.51 (0.28) 0.35 (0.11) 0.05 (0.03) 0.09 (0.04) −0.02 (0.61) 5553.75
AM= classic animal model; AM-IGE= Animal model including indirect genetic effects; FR= average daily feeding rate; OT= average daily occupation time;
FF= average daily feeding frequency; FInt= average daily time between consecutive visits; ADG= average daily gain; ADC= average daily consumption;
FCR= feed conversion ratio; BF= backfat thickness. h2= heritability; DIC= deviance information criterion; 2Phe = total phenotypic variance; 
2
d = direct genetic effect
variance; 2p = pen variance; 2l = litter variance; T
2= the ratio between the total breeding value variation and 2Phe; 
2
d=
2
Phe = portion of phenotypic variance explained
by direct genetic effect; 2p=2Phe = portion of phenotypic variance explained by pen effect; 
2
l =
2
Phe = portion of phenotypic variance explained by litter effect;
r (S,D)= genetic correlation between direct and indirect genetic effects of the same trait.
*Probability of being greater than 0> 0.95 or <0.05.
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genetic correlations between FBT were low and with unde-
fined signs due to their high estimation errors. The role that
FBT might play on the prediction of breeding value for PT
was defined by exploring the genetic correlation estimates
between PT and FBT (Table 3). Only feeding rate was
positively correlated at genetic level with most of the PT
(ADG, ADC and BF).
Estimated genetic correlations using animal model fitting
indirect genetic effects
Estimated genetic correlations between DGE for PT (above
diagonal in Table 4) followed a similar structure to that of
the genetic correlations between additive genetic effects
obtained with the AM. The only remarkable difference was
observed between FCR and BF; in this case the genetic cor-
relation can be declared as positive (0.45 ± 0.19). The esti-
mated genetic correlations between DGE for FBT (above
diagonal in Table 4) were similar to the correlation structure
between genetic effects from the AM (Table 3). With regard
to the estimated genetic correlations between IGE of PT
(below diagonal in Table 4), a similar correlations structure,
with respect to their directions and also partially to their
magnitudes, as that for DGE was observed. However, the
estimated genetic correlations between IGE of FBT showed
a different pattern (below diagonal in Table 4). The estimate
of IGE correlation between the time between visits and occu-
pation time was clearly negative (−0.74 ± 0.19) and the
genetic correlation between IGE of feeding rate and the time
between visits was also negative (−0.51 ± 0.25). The DGE
correlation estimates between these two pairs of traits were
not statistically different from zero. Regarding the estimated
genetic correlations between DGE for PT and FBT (above
diagonal Table 4), the structure was almost the same as that
indicated for breeding values from AM; that is, the only FBT
related with PT was feeding rate. The image with respect to
the relationships between PT and FBT regarding IGE (below
diagonal in Table 4) was different; in this case, IGE for feed-
ing frequency was negatively correlated with IGE of all PT,
except ADC. Therefore, animals that tend to force their mates
into going to the feeder very frequently also produce an effect
on their mates that reduces their ADG, BF and FCR. Similarly,
animals that tend to increase the time between consecutive
visits to the feeder of their mates also produce a reduction in
their mates’ BF, and the genetic correlation between IGE of
the time between visits and BF is close to−1. In addition, the
Table 3 Genetic (above diagonal) and phenotypic (below diagonal) correlations estimated of growing Duroc pigs using the classic animal model
Trait
FBT PT
FR OT FF FInt ADG ADC FCR BF
FR −0.76 (0.16)* 0.22 (0.20) −0.31 (0.20) 0.60 (0.24)* 0.64 (0.22)* 0.40 (0.29) 0.53 (0.24)*
OT −0.65 (0.02)* 0.27 (0.25) −0.33 (0.26) −0.24 (0.38) −0.30 (0.37) −0.28 (0.39) −0.33 (0.36)
FF −0.11 (0.04)* 0.20 (0.04)* −0.78 (0.09)* 0.11 (0.26) 0.16 (0.24) 0.15 (0.25) 0.17 (0.22)
FInt 0.10 (0.04)* −0.28 (0.03)* −0.60 (0.03)* −0.11 (0.28) −0.09 (0.25) 0.04 (0.28) −0.32 (0.23)
ADG 0.38 (0.03)* 0.16 (0.04)* −0.11 (0.04)* 0.10 (0.04)* 0.80 (0.13)* 0.14 (0.41) 0.51 (0.25)*
ADC 0.42 (0.03)* 0.20 (0.04)* −0.11 (0.04)* 0.04 (0.04) 0.82 (0.01)* 0.66 (0.22)* 0.64 (0.16)*
FCR 0.16 (0.04)* 0.11 (0.04)* −0.03 (0.04) −0.05 (0.04) −0.05 (0.04) 0.52 (0.03)* 0.41 (0.33)
BF 0.29 (0.03)* 0.16 (0.04)* −0.09 (0.04)* −0.04 (0.04) 0.59 (0.03)* 0.68 (0.02)* 0.31 (0.03)*
FBT= feeding behaviour traits; PT= production traits; FR= average daily feeding rate; OT= average daily occupation time; FF= average daily feeding frequency;
FInt= average daily time between consecutive visits; ADG= average daily gain; ADC= average daily consumption; FCR= feed conversion ratio; BF= backfat thickness.
*Probability of being greater than 0> 0.95 or <0.05.
Table 4 Genetic correlations estimated among direct genetic effects (above diagonal) and among indirect genetic effects (below diagonal) for
production and feeding behaviour traits of growing Duroc pigs using animal model fitting indirect genetic effects
Trait
FBT PT
FR OT FF FInt ADG ADC FCR BF
FR −0.71 (0.11)* 0.25 (0.17) −0.22 (0.17) 0.45 (0.19)* 0.47 (0.17)* 0.24 (0.21) 0.45 (0.18)*
OT −0.90 (0.14)* 0.31 (0.19) −0.25 (0.18) −0.01 (0.24) 0.02 (0.24) 0.06 (0.25) −0.03 (0.23)
FF −0.24 (0.29) 0.12 (0.32) −0.72 (0.09)* 0.06 (0.21) 0.06 (0.19) 0.11 (0.19) 0.11 (0.18)
FInt −0.51 (0.25)* −0.74 (0.19)* −0.99 (0.01)* −0.09 (0.18) −0.14 (0.17) 0.20 (0.19) −0.21 (0.18)
ADG −0.10 (0.35) 0.59 (0.25)* −0.82 (0.19)* −0.29 (0.30) 0.83 (0.08)* 0.13 (0.25) 0.55 (0.18)*
ADC −0.14 (0.37) 0.10 (0.35) −0.42 (0.25) −0.39 (0.29) 0.70 (0.21)* 0.61 (0.16)* 0.73 (0.11)*
FCR 0.61 (0.23)* −0.35 (0.29) −0.74 (0.14)* 0.13 (0.28) 0.06 (0.38) 0.64 (0.23)* 0.45 (0.19)*
BF 0.16 (0.37) 0.28 (0.34) −0.89 (0.12)* −0.97 (0.03)* 0.67 (0.26)* 0.55 (0.26)* 0.75 (0.25)*
FBT= feeding behaviour traits; PT= production traits; FR= average daily feeding rate; OT= average daily occupation time; FF= average daily feeding frequency;
FInt= average daily time between consecutive visits; ADG= average daily gain; ADC= average daily consumption; FCR= feed conversion ratio; BF= backfat thickness.
*Probability of being greater than 0> 0.95 or <0.05.
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relationships among IGEs show that animals tending to
reduce the occupation time of their mates also reduce their
ADG, and the estimated genetic correlation between IGE of
the occupation time and ADG was 0.59 ± 0.25. Finally, it
seems that animals forcing their mates to eat at a higher pace
also produce an increase in their mates’ FCR. This is because
a positive correlation was estimated between IGEs of feeding
rate and FCR (0.61 ± 0.23).
In order to have a full picture of the genetic structure
between traits when considering AM-IGE for genetic evalu-
ation purposes, it is necessary to study the genetic correla-
tions between traits combining IGE and DGE (Table 5).
Among PT the only correlation that was statistically different
from zero involved DGE of FCR and IGE of ADG (0.73 ± 0.14).
This positive correlation means that animals with a favour-
able genetic value to induce higher growth rates in their
mates also tend to have genetic effects that worsen its
own FCR. With regard to FBT, the only correlations between
IGE and DGE seeming to be statistically different from zero
were that involving DGE of the time between visits and
IGE of feeding rate (−0.54 ± 0.20), and those between
DGE of feeding frequency and IGE of feeding rate and occu-
pation time (0.68 ± 0.11 and 0.37 ± 0.17, respectively); that
is, animals with breeding values that increase their own feed-
ing frequency also have genetic effects that increase feeding
rate and occupation time of their mates. With respect to the
correlations involving IGE of PT and DGE of FBT, all were
relatively weak, and the observed estimation errors do not
allow for properly declaring whether they are positive or neg-
ative. However, regarding the correlations between IGE of
FBT and DGE of PT, many of them were statistically different
from zero. For example, DGE of FCR correlates with IGE of all
FBT except for feeding rate; as in some cases this correlation
was positive (with occupation time and the time between
visits), but in another case it was negative (with feeding
frequency). Yet another case in which important correlations
were detected involved DGE of ADC and IGE of feeding rate,
feeding frequency and the time between visits. Regarding
DGE of BF, it only seemed to be positively correlated with
IGE of feeding rate. Finally, it has to be remarked that
DGE of ADG was positively correlated with IGE of the time
between visits (0.88 ± 0.10) and IGE of feeding rate
(0.89 ± 0.11); animals with favourable genetic effects for
their own growth tend to carry genetic effects that incline
their mates to have longer interval between consecutive visits
and to show a high eating speed.
Discussion
Our results clearly address the important role of IGE on the
definition of traits recorded in animals raised in groups. This
finding was already reported for PT in other pig populations
(Bergsma et al., 2008; Chen et al., 2008; Nielsen et al., 2018).
Until now, at least to our knowledge, there were no reports
on the relevance of the IGE for FBT. These traits have been
always considered using AM, and their estimated heritabili-
ties were moderate to high (Young 2012; Do et al., 2013;
Lu et al., 2017). When we applied the AM to these traits,
we did also find, in general, high heritabilities, ranging from
0.23 to 0.47. Although our model choice criteria favoured the
model AM-IGE, the estimation errors of certain parameters,
in particular the correlation between IGE and DGE, were high,
and only for the case of trough occupation time its negative
value can be statistically defined. This indicates that animals
with genetic effects to stay longer in the feeder also carry
genetic effects that make their mates to shorten their occu-
pation time. The occupation time is a trait with an upper limit
(24 h); thus if one animal stays longer in the feeder, its mates
consequently have to stay for less time; so, as a result of
its definition, a phenotypic correlation would be expected
between direct and indirect phenotypic effects. Thus, the
estimated genetic correlation could be a consequence of this
expected phenotypic relationship.
Table 5 Genetic correlations estimated between IGE and DGE for different combinations between production and feeding behaviour traits of growing
Duroc pigs using animal model fitting indirect genetic effects
Trait
FBT PT
FRDGE OTDGE FFDGE FIntDGE ADGDGE ADCDGE FCRDGE BFDGE
FRIGE 0.41 (0.32) 0.68 (0.11)* −0.54 (0.20)* 0.89 (0.11)* −0.82 (0.15)* −0.15 (0.34) 0.47 (0.18)*
OTIGE 0.28 (0.31) 0.37 (0.17)* 0.33 (0.23) −0.19 (0.27) −0.15 (0.23) 0.43 (0.21)* 0.01 (0.25)
FFIGE −0.15 (0.30) −0.10 (0.31) 0.16 (0.25) −0.09 (0.36) −0.53 (0.24)* −0.55 (0.23)* −0.26 (0.32)
FIntIGE 0.08 (0.32) 0.13 (0.34) 0.28 (0.24) 0.88 (0.10)* 0.98 (0.02)* 0.57 (0.19)* 0.06 (0.28)
ADGIGE 0.05 (0.35) −0.11 (0.34) −0.06 (0.32) −0.30 (0.26) −0.07 (0.26) 0.73 (0.14)* 0.29 (0.27)
ADCIGE 0.11 (0.34) −0.05 (0.36) 0.15 (0.27) −0.26 (0.28) −0.42 (0.31) 0.24 (0.25) 0.07 (0.22)
FCRIGE 0.13 (0.36) −0.04 (0.33) 0.16 (0.26) −0.003 (0.26) −0.27 (0.35) −0.33 (0.32) −0.3 (0.34)
BFIGE −0.27 (0.32) −0.03 (0.36) −0.14 (0.32) 0.03 (0.27) −0.17 (0.37) −0.29 (0.32) 0.06 (0.43)
IGE= indirect genetic effect; DGE= direct genetic effect; FBT= feeding behaviour traits; PT= production traits; FR= average daily feeding rate; OT= average daily
occupation time; FF= average daily feeding frequency; FInt= average daily time between consecutive visits; ADG= average daily gain; ADC= average daily consump-
tion; FCR= feed conversion ratio; BF= backfat thickness.
*Probability of being greater than 0> 0.95 or <0.05.
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Hypothesised social hierarchical structure based on
correlations between feeding behaviour traits
Indirect genetic effects for a given trait are relevant because
of the presence of social interactions between the animals
sharing the pen (Bijma, 2014), and these interactions are
a direct reflection of the social structure and hierarchy within
the group (Meese and Ewbank, 1973). In our study, we have
not directly recorded this social structure; however, by
inspecting the phenotypic correlations between traits
(Table 3, below diagonal), particularly FBT, it could be pos-
sible to hypothesise a certain social structure. Therefore,
based on the phenotypic correlations between FBT, it can
be concluded that animals could be clustered into two
groups: (1) Dominants: animals that eat sedately (lower feed-
ing rate), occupying the feeder for a long time (higher occu-
pation time), with a large number of visits (higher feeding
frequency) and with shorter intervals between them (lower
time between visits). (2) Subordinates: animals that eat more
quickly, spending less time in the feeder trough, having a
reduced number of visits per day and with longer intervals
between visits. This clustering of animals was confirmed
using a k-means algorithm on raw phenotypic FBT records;
when the clustering was set to just two groups, the following
means were defined for each group: Cluster 1 (556 animals)
feeding rate=−0.56, occupation time= 0.60, feeding
frequency= 0.53 and time between visits=−0.56; and
Cluster 2 (588 animals) feeding rate= 0.53, occupation
time=−0.56, feeding frequency=−0.50 and time between
visits= 0.53, resembling the distribution hypothesised by
analysing the phenotypic correlations.
A number of previous studies have researched the relation-
ships between FBT and actual social hierarchy rank. This has
been assessed experimentally by exploring the antagonistic
interactions between growing pigs. In these studies the relation-
ships are not exactly the same as those we have just hypothes-
ised. Hoy et al. (2012) using crossbreds from Pietrain, Landrace
and Duroc breeds showed that dominant animals tend to spend
more time at the feeder, but in contrast with our hypothesised
social hierarchy those animals had lower feeding frequency.
Vargas et al. (1987) in another crossbred population did not find
any association between the social rank and feeding frequency;
however, they observed that animals with high feeding fre-
quency tend to be those that suffer from a larger number of dis-
placements and aggressions around the trough. Similarly,
Nielsen et al. (1995 and 1996) in a LargeWhite× Landrace cross
did not find any association between social rank and FBT; never-
theless, in these studies it is stated that this lack of association
could be a consequence of the management in their experi-
ments. One example of these management practices could
be straw provision. So, apparently, the relationships between
FBT and social ranks are far from stable and constant across
populations and experiments. A large number of factors have
been found to influence either FBT, social ranks or the relation-
ship between them; for example, Baumung et al. (2006) show
that differences between breeds have a large effect on FBT. The
degree of kinship in a group could also influence the antagonist
interactions within that group –which in turn defines the social
rank indexes – (Fels et al., 2012), as well as the size of the
groups (Nielsen et al., 1996). In addition, variation in certain
internal physiological mechanisms, for example, satiety, might
play an important role in the relationship between FBT and
social rank position (Maselyne et al., 2015). This variety of
results is one of the arguments used by Boumans et al.
(2018) to propose simulation models as a tool to study the rela-
tionships between performances, social rank and FBT.
At a genetic level, given the higher estimation errors, not
all the characteristics of the subordinates and dominant
animals can be consistently defined. Thus, we could only pos-
tulate that dominant animals might carry genetic factors
which cause them to eat at a slower pace for longer, and that
they carry genetic factors which lead to a larger number of
visits to the trough and to a reduced feeding interval. The
consideration of AM-IGE will allow further assessment of
whether the proposed hierarchy of the population is compat-
ible with the estimated genetic correlations between IGEs
within and across FBT. Dominant animals with genes which
induce them to stay longer at feeder will also carry genes
forcing their mates to play a subordinate role. These subor-
dinates have them a shorter occupation time (negative
correlation between DGE and IGE in Table 2), a shorter feed-
ing rate (negative correlation between IGE of occupation
time and IGE of feeding rate in Table 4) and lower time
between visits (negative correlation between IGE of occupa-
tion time and IGE of time between visits in Table 4).
Dominant animals will have DGE for increased feeding
frequency, and they will induce a genetic effect on their
subordinate mates, which supposes a reduction of this trait
(negative correlation between IGE and DGE in Table 2). Based
on the postulated phenotypic structure we have previously
indicated, time between visits of subordinate animals should
be increased in parallel to the decline of feeding frequency;
this is confirmed by the strong negative (−0.99) correlation
between IGE of time between visits and IGE of feeding
frequency (Table 4). Dominant animals should have DGEs
that reduce their own feeding rate and increase the feeding
rate of their mates, and it would be expected that
these subordinate animals would have an increased time
between visits. Thus, a positive genetic correlation between
IGE of feeding rate and IGE of time between visits would
be expected, but a negative value has been estimated
(−0.51). The available information does not allow us to
further explain why this mismatch to our proposed structure
happened. However, one simple explanation could be
that some of the aforementioned correlations could have
been over- or underestimated, and they do not allow for a
fully coherent interpretation of the results. Another point,
already mentioned, could be that other factors, beyond
the social structure, influence the genetic and phenotypic
correlations between traits. In spite of these exceptions
we believe the overall scenario still applies and is therefore
relevant: some animals capitalise the feeder, and others have
to adapt to this situation.
Based on the previous discussion, it can be concluded that
the parameter estimates of the multivariate models
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considering IGE are in some cases, but not always, compat-
ible with a hypothesised social hierarchy structure assuming
dominant and subordinate animals within pens. A better val-
idation of the estimated model parameters would have been
achieved if the actual social hierarchy had been properly
assessed. Based, for example, on experiments measuring
the degree of antagonistic interactions between pairs of
pen mates, in order to define for each animal a social rank
index value (one example of such indexes was proposed
by Lee et al. (1982)) that could be treated as another trait
can be explored for its correlations with PT and FBT.
Is the hypothesised social hierarchical structure evidenced
in the relationships between feeding behaviour and
production traits?
One of most relevant points in this study was to assess the
role that FBT (as proxies of a hypothesised social hierarchy)
might play in the genetic evaluation for PT. In this regard, the
first assessment we will conduct will be to explore whether
the hypothetical social structure defined by the phenotypic
correlation among FBT is the major factor responsible for
the correlation structure among PT. It can be anticipated
that the structure among FBT is not transferred to PT. This
can clearly be seen in the phenotypic correlations between
feeding rate and all PT, which have the same sign (always
positive) as the correlations between occupation time and
the PT, when according to the hypothesised social hierarchy
structure, correlations of opposite sign would be expected
(the phenotypic correlation between feeding rate and occu-
pation time is negative).
One could also expect dominant animals (with low feed-
ing rate according to our hypothesis) to be those having the
larger ADC (Hoy et al., 2012), but in light of observed phe-
notypic correlations this is not the case. These discrepancies,
as those previously discussed among FBT, imply that in
the definition of the correlations between FBT and PT, other
factors beyond the hypothesised social hierarchy have inter-
vened. For those genetic correlations estimated with the AM
between FBT and PT being statistically different from
zero, the same discrepancy between the postulated social
structure and PT was found. Thus, we can only claim, as
before, that these positive correlations between ADC, ADG
and BF with feeding rate must be connected to some physio-
logical mechanisms, and not only to the fact that the genes
involved in defining the position within the social rank are
also responsible for greater or lesser growth, intake or back-
fat depth. Among the processes explaining these positive cor-
relations with feeding rate, we could propose the physical/
hormonal satiation mechanism, described in the revision
by Maselyne et al. (2015) or further internal mechanism
involving other hormonal regulations and nutritional trans-
port processes, previously described as being involved in
the feed efficiency of the animals (Reyer et al., 2018).
An overall assessment of the correlations between IGE
and DGE across both groups of traits (FBT and PT) seems
to show that the predominant direction of this correlation
is from IGE of FBT to DGE of PT (Table 5). Only for this group
of correlations, values of relevant magnitude were estimated.
This implies that IGE of FBT could determine PT, but IGEs of
PT do not seem to influence FBT. The interpretation of the
observed correlations in light of the postulated social hierar-
chical structure is extremely complex, and will not be made,
given that the proposed social structure is just a hypothesis
that has not always shown coherence with the estimated cor-
relations. Nevertheless, the overall relationships between IGE
and DGE among PT and FBT can be used to interpret finds in
previous studies. Ragab et al. (2018) used FBT as predictors in
models fitting IGE of PT, in particular ADG, aiming to improve
the prediction performances of the AM-IGE. The limited gain
in prediction quality observed in their study (4 % to 5 %) can
be explained because only IGE of FBT seems to be related to
DGE of PT. No relevant correlations have been declared the
other way around, that is, between IGE of PT and DGE of FBT,
which would be the relevant parameter to improve accuracy
in the model proposed by Ragab et al. (2018).
Until now, our discussion has been driven by a hypo-
thetical social structure, predicted from the phenotypic
correlations, and this structure has been used to explain
the obtained genetic correlations between traits, and their
genetic components of traits (IGE and DGE). We have already
indicated that not having the actual social structure in our
population is an important limitation for interpreting our
results. The other major limitation of our study is associated
with the fact that a small dataset has been used to estimate
correlation parameters in complexmodels. Thus, in some cases,
large estimation errors have been reported. Nevertheless, when
the estimates are precise enough to allow for properly defining
the sign of the correlations, in many cases the reported esti-
mates in relation to FBT are compatible with the proposed
hypothesis.
Animal model fitting indirect genetic effects enriches
the relationship between traits offering further selection
index possibilities
Beyond the role that FBT might have played in the definition
of PT correlation structure and how this relationship is estab-
lished, another important result that deserves discussion is
the fact that the consideration of multivariate models fitting
IGEs would enrich the relationships between traits. This
enriched structure could allow for the definition of selection
indexes that might better address a given breeding goal. For
example, with regard to PT, it was observed from additive
genetic correlations obtained using the AM that it could
be difficult to envisage selection indexes to indirectly improve
FCR by reducing BF while increasing ADG (see genetic corre-
lations in Table 3). However, by considering AM-IGE and
differentially weighting IGE and DGE predictions, it could
be possible to identify combinations between DGE and IGE
(other than the often-used total breeding value prediction
(Bijma, 2014)) that might yield a stronger direct response
on ADG and BF and an indirect response on FCR. One
example could be to select for reducing BF through its
IGE, positively correlated with FCR IGE (0.75), while
ADG could be improved by selection solely on its DGE, which
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has a lower correlation with DGE of FCR (0.13). In this way
we would implicitly be considering a selection index account-
ing both for PT and welfare and FBT (Ellen et al., 2014).
As an overall result we can indicate that the extension of
the bivariate model relating PT and FBT to AM-IGE has evi-
denced that the genetic correlations between these two
groups of traits, as well as within type of trait, are more com-
plex than would be expected from the analysis with the AM.
To our knowledge, this type of bivariate analysis has not been
performed so far, so we cannot contextualise our particular
results. However, based on our results we could examine
possible benefits of additional selection indexed combining
IGE and DGE considering alternatives weighting across traits
and effects. These alternative indexes might yield stronger
responses in the selection objective than would be expected
from indexes based on animal model breeding value predic-
tions or total breeding value predictions from the AM-IGE.
Conclusions
For the two types of traits considered in this study (PT and
FBT), models fitting IGEs were statistically preferable over
the traditional animal model. The consideration of such mod-
els improves the genetic correlation structure between the
involved traits; thus opening up the possibility of proposing
indexes drives genetic responses for breeding goals which
cannot be defined under the traditional animal model. Our
results also show that the relationship between FBT can
partially be attributed to a social hierarchical structure, but
this structure only explains a certain proportion of the genetic
relationships between PT and between FBT and PT, particu-
larly those involving IGE of FBT and DGE of PT.
Acknowledgements
The work conducted by the stuff of CAP (IRTA) is acknowl-
edged as well as the collaboration with Seleccio´n Batalle
for providing the animals involved in this study. This project
was financed by Feed-a-Gene, which has received funding
from the European Union’s H2020 programme under grant
agreement No. 63353, and the Spanish project RTA2014-
00015-C2-01.
W. Herrera-Cáceres 0000-0002-9935-8269
Declaration of interest
The authors declare no conflict of interest.
Ethics statement
Animals used in this study came from a commercial population
raised under selection nucleus conditions, following all the
applicable Spanish and European Union laws with regard
to welfare and health control. The fattening period of the
animals was conducted at the Institut de Recerca i Tecnologia
Agroalimentàries (IRTA) experimental facilities, and for this
control period a research protocol was approved by IRTA’s
Animal Care and Use Committee.
Software and data repository resources
The datasets and programmes used in the current study are
available from the corresponding author on reasonable request.
References
Baumung R, Lercher G, Willam A and Sölkner J 2006. Feed intake behaviour of
different pig breeds during performance testing on station. Archives Animal
Breeding 49, 77–88. doi:10.5194/aab-49-77-2006.
Bergsma R, Kanis E, Knol EF and Bijma P 2008. The contribution of social effects
to heritable variation in finishing traits of domestic pigs (Sus scrofa). Genetics
178, 1559–1570. doi:10.1534/genetics.107.084236.
Bijma P 2014. The quantitative genetics of indirect genetic effects: a selective
review of modelling issues. Heredity 112, 61–69. doi:10.1038/hdy.2013.15.
Bijma P and Wade M 2008. The joint effects of kin, multilevel selection and
indirect genetic effects on response to genetic selection. Journal of Evolutionary
Biology 21, 1175–1188. doi:10.1111/j.1420-9101.2008.01550.x.
Bijma P, Muir WM and Van Arendonk JA 2007. Multilevel selection 1: quanti-
tative genetics of inheritance and response to selection. Genetics 175, 277–288.
doi:10.1534/genetics.106.062711.
Boumans IJ, de Boer IJ, Hofstede GJ and Bokkers EA 2018. Unravelling variation
in feeding, social interaction and growth patterns among pigs using an agent-
based model. Physiology & Behavior 191, 100–115. doi:10.1016/j.physbeh.
2018.03.030.
Chen CY, Johnson RK, Newman S and Van Vleck LD 2007. A general review of
competition genetic effects with an emphasis on swine breeding. Genetics and
Molecular Research 6, 594–606.
Chen CY, Kachman SD, Johnson RK, Newman S and Van Vleck LD 2008.
Estimation of genetic parameters for average daily gain using models with com-
petition effects. Journal of Animal Science 86, 2525–2530. doi:10.2527/jas.
2007-0660.
Do DN, Strathe AB, Jensen J, Mark T and Kadarmideen HN 2013. Genetic param-
eters for different measures of feed efficiency and related traits in boars of
three pigs breeds. Journal of Animal Science 91, 4069–4079. doi:10.2527/
jas2012-6197.
Duijvesteijn N, Knol EF and Bijma P 2012. Direct and associative effects for
androstenone and genetic correlations with backfat and growth in entire male
pigs. Journal of Animal Science 90, 2465–2475. doi:10.2527/jas.2011-4625.
Eissen JJ, Kanis E and Merks JWM 1998. Algorithms for identifying errors in
individual feed intake data of growing pigs in group-housing. Applied
Engineering in Agriculture 14, 667–673. doi:10.13031/2013.19421.
Ellen ED, Rodenburg TB, Albers GAA, Bolhuis JE, Camerlink I, Duijvesteijn N and
Bijma P 2014. The prospects of selection for social genetic effects to improve
welfare and productivity in livestock. Frontiers in Genetics 5, 377–391.
doi:10.3389/fgene.2014.00377.
Fels M, Hoy S and Hartung J 2012. Influence of origin litter on social rank,
agonistic behaviour and growth performance of piglets after weaning.
Applied Animal Behaviour Science 139, 225–232. doi:1016/j.applanim.2012.
03.017.
Griffing B 1967. Selection in reference to biological groups. I. individual and
group selection applied to populations of unordered groups. Australian
Journal of Biological Sciences 10, 127–139. doi:10.1071/BI9670127.
Hoy S, Schamun S and Weirich C 2012. Investigations on feed intake and social
behaviour of fattening pigs fed at an electronic feeding station. Applied Animal
Behaviour Science 139, 58–64. doi:10.1016/j.applanim.2012.03.010.
Labroue F, Guéblez R and Sellier P 1997. Genetic parameters of feeding behav-
iour and performance traits in group-housed Large White and French Landrace
growing pigs. Genetics Selection Evolution 29, 451–468. doi:10.1051/gse:
19970403.
Lee YP, Craig JV and Dayton AD 1982. The social rank index as a measure of
social status and its association with egg production in White Leghorn pullets.
Applied Animal Ethology 8, 377–390. doi:10.1016/0304-3762(82)90070-0.
Correlations with indirect genetic effects model
9
Lu D, Jiao S, Tiezzi F, Knauer M, Huang Y, Gray KA and Maltecca C 2017. The
relationship between different measures of feed efficiency and feeding behavior
traits in Duroc pigs. Journal of Animal Science 95, 3370–3380. doi:10.2527/
jas2017.1509.
Maselyne J, Saeys W and Van Nuffel A 2015. Quantifying animal feeding behav-
iour with a focus on pigs. Physiology & Behavior 138, 37–51. doi:10.1016/j.
physbeh.2014.09.012.
Meese GB and Ewbank R 1973. The establishment and nature of the dominance
hierarchy in the domesticated pig. Animal Behaviour 21, 326–334. doi:10.1016/
S0003-3472(73)80074-0.
Misztal I, Tsuruta S, Strabel T, Auvray B, Druet T and Lee DH 2002. BLUPF90
and related programs (BGF90). In Proceedings of the 7th World Congress
on Genetics Applied to Livestock Production, 19–23 August 2002, Montpellier,
France, p. 28.
Nielsen BL, Lawrence AB and Whittemore CT 1995. Effect of group size on
feeding behaviour, social behaviour, and performance of growing pigs using
single-space feeders. Livestock Production Science 44, 73–85. doi:10.1016/
0301-6226(95)00060-X.
Nielsen BL, Lawrence AB and Whittemore CT 1996. Effect of individual housing
on the feeding behaviour of previously group housed growing pigs. Applied
Animal Behaviour Science 47, 149–161. doi:10.1016/0168-1591(95)01001-7.
Nielsen HM, Ask B and Madsen P 2018. Social genetic effects for growth in pigs
differ between boars and gilts. Genetics Selection Evolution 50, 4. doi:10.1186/
s12711-018-0375-0.
Ragab M, Piles M, Quintanilla R and Sánchez JP 2018. Indirect genetic effect
model using feeding behaviour traits to define the degree of interaction between
mates: an implementation in pigs growth rate. Animal 6, 1–9. doi:10.1017/
S1751731118001192.
Reyer H, Oster M, Magowan E, Muráni E, Sauerwein H, Dannenberger D, Kuhla
B, Ponsuksili S and Wimmers K 2018. Feed-efficient pigs exhibit molecular pat-
terns allowing a timely circulation of hormones and nutrients. Physiological
Genomics 50, 726–734 doi:10.1152/physiolgenomics.00021.2018.
Sánchez JP, Mohamed R, Quintanilla R, Rothschild MF and Piles M 2017. Genetic
parameters and expected responses to selection for components of feed effi-
ciency in a Duroc pig line. Genetics Selection Evolution 49, 86. doi:10.1186/
s12711-017-0362-x.
Spiegelhalter DJ, Best NG, Carlin BP and Van Der Linde A 2002. Bayesian
measures of model complexity and fit. Journal of the Royal Statistical Society:
Series B (Statistical Methodology) 64, 583–639. doi:10.1111/1467-9868.00353.
Tibau J, Reixach J and Batallé MT 1999. Tendencias genéticas en líneas mater-
nales de raza Duroc. In Proceedings of the VIII Jornadas sobre Produccio´n Animal
(AIDA), 11–13 May 1999, Zaragoza, Spain, pp. 333–335.
Vargas JV, Craig JV and Hines RH 1987. Effects of feeding systems on social and
feeding behavior and performance of finishing pigs. Journal of Animal Science
65, 463–474. doi:10.2527/jas1987.652463x.
Young JM 2012. The effect of selection for residual feed intake during the grow/
finish phase of production on feeding behavior traits and sow reproduction and
lactation efficiency in Yorkshire pigs. Graduate Theses and Dissertations, Iowa
State University, Ames, IA, USA.
Young JM, Cai W and Dekkers JCM 2011. Effect of selection for residual feed
intake on feeding behavior and daily feed intake patterns in Yorkshire swine.
Journal of Animal Science 89, 639–647. doi:10.2527/jas.2010-2892.
Herrera-Cáceres, Ragab and Sánchez
10
